Smoking Guns for On-Shell New Physics at the LHC 
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Using Tevatron bounds we derive upper limits on the LHC Higgs production rate under the as- 
sumption that no beyond the Standard Model (BSM) particles are being produced near their mass 
shell. A violation of these limits would constitute a smoking gun for light BSM particles. Further- 
more, we demonstrate how Rt, the ratio of the partially integrated Higgs transverse momentum 
distribution to the inclusive rate, can also be used as a probe of light BSM particles. This ratio is 
insensitive to heavy virtual effects and can be well-approximated by its SM value, i.e. it is model 
independent. The perturbative expansion for Rt has reduced renormalization scale dependence, at 
the order of 5% at next-to-leading order in QCD, due to a cancellation of Wilson coefflcients. A 
deviation from the SM value implies that light BSM particles are being produced near their mass 
shell. We discuss a possible loophole to this conclusion, namely the existence of a non-perturbative, 
CP violating sector that couples to the Higgs. We use a toy model with colored scalars to demon- 
strate how the model independent prediction for Rt is approached as the mass of the scalar becomes 
large. 



The Higgs sector of the Standard Model (SM), respon- 
sible for electroweak symmetry breaking, has remained 
hidden from observation. At 95% confidence level LEP 
data constrain mn > 114.4 GeV [ij. Direct searches 
at the Tevatron have put upper limits on Higgs event 
rates at 1 — 7 times the SM value for Higgs masses in the 
range 110 - 200 GeV Q. At the Large Hadron CoUider 
(LHC) particles many times more massive than the top 
quark will be kinematically accessible. We remain hope- 
ful that BSM particle production will manifest itself in 
resonances or shoulders of distributions, but we may not 
be that fortunate, particularly in the early stages of run- 
ning. New-physics (NP) signals must be separated from 
large SM backgrounds in the complicated environment of 
a hadron collider, and NP discovery may remain elusive. 
Here we will explore a modest strategy in which we ask, 
"How can we discern if deviations from the SM are due 
to particles being produced on-shell?" We approach this 
question through the framework of effective field theory 
(EFT). 

The premise of EFT is that our theoretical description 
of low energy observables need not include heavier par- 
ticles as dynamical degrees of freedom. Instead we can 
approximate virtual exchange of the massive particles as 
a set of local contact interactions. The approximation is 
a power series expansion in / where is a typical 
kinematic invariant in the process and the EFT "cut- 
off" A is the mass scale of the exchange. For instance, if 
the interaction is mediated by pair-produced particles of 
mass m then A ~ 2m. At each order in the expansion, 
the set of local operators is the most general one consis- 
tent with low energy symmetries, whatever the massive 
dynamics may be. Absent additional model assumptions, 
the Wilson coeflacients of the local operators must be de- 
termined phenomenologically. Then the EFT predicts 



concrete relationships between collider observables such 
as production rates or branching ratios in related chan- 
nels. 

In this letter, we make model independent EFT predic- 
tions for new physics in Higgs production through gluon 
fusion, which starts at one loop in the SM and will be the 
dominant Higgs production mechanism at the LHC. The 
generality of the EFT approach ensures that any massive 
BSM extension can be accommodated. Conversely, devi- 
ations from the EFT predictions signify model indepen- 
dently that light particles with m ^ p are being produced. 
We will demonstrate this for the case of Higgs produc- 
tion, where the presence of new particles with masses 
rri^ ~ nijj + p^ can be probed. 

A complete basis of dimension-six EFT operators for 
the Standard Model was first constructed in [3| . At lead- 
ing order in the power expansion, there is just one CP 
even and one CP odd operator that can modify the Higgs- 
giue interaction 

£eff = CgHGI^G'^^^'^ + CgHGI^G'^^'^ (1) 

where GJ^j^ is the gluon field strength and G^v = 
ty.upaGP" 12. For m// < 200 GeV the SM Higgs-glue in- 
teraction is point-like to an excellent approximation due 
to the large top-quark mass and can be well-described 
by the same effective Lagrangian, Eq. The infinite 
top mass approximation has been used extensively in the 
literature since it greatly simplifies the calculation of ra- 
diative corrections [1, H, 0]. In this limit, a top loop con- 
tributes G"^ = Q;s/(127ru) to the effective Higgs-gluon 
coupling at leading order. Heavy NP will modify the 
value of Go = G^^ + Cg^ and, if CP violating, generate 
Gg ■ If we assume that the new physics does not get mass 
from electroweak symmetry breaking, then the magni- 
tude of Gg is bounded by upper limits on the electric 
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FIG. 1: 95% CL upper bound on gluon-fusion Higgs produc- 
tion at the LHC relative to the SM value, a{H) /a{H)sM = 
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|Cg/Cc™|^, coming from Tevatron searches at 2.0 — 3.0 fb 
" tt)+2 jets (blue line) 

[Tl] |: combined analysis (solid 
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FIG. 2: 95% CL upper bounds on the Higgs production cross 
section at the LHC from Tevatron Higgs searches d, [lol . 
[Til. [T^. The upper bound includes the error in the theoreti- 
cal cross section at NNLO, which we conservatively approxi- 
mate to be 20%. The lower lines are the SM prediction with 
associated errors. 

dipole moment of the neutron d„ < 2.9 x 10~^^e-cm 
For the moment we will neglect CP violating effects and 
return to this possibility in the conclusions. 

Searches at the Fermilab CDF and DO experiments put 
upper bounds on Higgs production rates 0, which 
we translate into bounds on Cg- The relevant produc- 
tion mechanisms are pp — > H{-^ 77) — *■ H 
WW^*^ [13, Ei and pp tt)+2 jets The 



first two channels are gluon fusion dominated. Note that 
Higgs production with an associated weak boson, which 
dominates the combined Tevatron Higgs bounds for small 
Higgs masses 0, are not sensitive to glue-Higgs interac- 
tions. The resulting 95% confidence level (CL) upper 
limits on \Cg/Cq^\'^ are shown in Fig. [2 assuming SM 
decays for the Higgs boson. In Fig. [5] we have translated 
Fig. [1] into bounds on <j{pp H + X) at the LHC at 
next-to-next-to-leading order (NNLO) in the expansion 
in as utilizing Fehip [J| . A measurement exceeding these 
EFT bounds is a smoking gun for light BSM particles. 

There are other model independent signatures for BSM 
particle production that do not rely on Tevatron input 
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FIG. 3: Model independent value of Rt from Eq. ^ at NLO 
in as as a function of Higgs mass. Vector boson fusion contri- 
butions are excluded. The uncertainty band is approximated 
by varying the renormalization scale by a factor of two. 

and can thus be improved at LHC with increasing statis- 
tics. The observable that we will focus on is the ratio 
of Higgs production cross section at large transverse mo- 
menta to the totally inclusive rate. 
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with a lab-frame rapidity cut \yH\ < t/h^^ in both nu- 
merator and denominator. The transverse Higgs produc- 
tion rate is interesting in its own right as a Higgs search 
channel [il,[l3. The ratio Eq. © has several favorable 
properties: (i) independence from Higgs branching ratios, 
(ii) reduced perturbative uncertainty relative to the in- 
dividual cross sections, and most importantly (iii) heavy 
NP cannot change its value from the SM one. These 
are model independent predictions of the EFT. Figure [3] 
shows the EFT prediction of this ratio calculated at NLO 
in as using Fehip Q for a range of Higgs masses in the 
large-TTit limit. To have a clear EFT model independent 
interpretation of i?T, the vector boson fusion contribu- 
tions should be subtracted from the measurement. This 
can be done precisely at NLO using VBFNLO . 

The error band in Fig. [3] reflects the perturbative un- 
certainty, estimated from varying the renormalization 
scale by a factor of two in each direction. While the 
variation in the transverse and inclusive rates individu- 
ally are of order 20%, the ratio is relatively insensitive 
with only 5% variation. A simple way to understand this 
reduction in errors can be seen from an EFT point of 
view. There are two sources of as in the calculation: 
the matrix element and the matching coefficient. In the 
large-top-mass limit all of the as dependence in the ratio 
stemming from the matching coefficient cancels. Errors 
due to parton distribution function (PDF) uncertainties 
also cancel to large extent in the ratio. A calculation 
of the cross sections using several different PDFs reveals 
that these errors are negligible compared to the pertur- 
bative errors @. When |CgP| < \Cf^l one needs to 
consider other corrections to the large-top-mass SM pre- 
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diction beyond perturbative ones. Kinematic power cor- 
rections due to finite top-quark mass are small, ^10%, 
for mil, Pt™ ~ 200 GeV [5|, as are contributions with a 
b quark in the higgs- glue- glue loop. The two-loop elec- 
troweak corrections modify the gg h cross section at 
the 5% - 8% level [11), but are likely smaller for the Rt 
ratio. 

What could we conclude from a deviation from Fig. [3]? 
One strong possibility would be that such a deviation 
would arise as a consequence of light colored particles. 
We might hope to see these particles in jet production 
cross sections, but absent knowledge of their widths or 
decay products this may be difficult. However, we could 
learn more about their masses by altering the cuts on 
the Higgs pt distribution and seeing how Rt changes. 
As the cut increases we would expect the deviations to 
grow. With sufficient statistics we should be able to find 
the value, px, at which the distribution begins to deviate 
from the SM and infer the presence of on-shell particles 
with mass ~ + pip. Note that in principle one 

could also get deviations without light BSM particles if 
some other higher dimension operators became relevant, 
for example, four-quark operators. PDF suppression is 
large though for quark initiated Higgs production, and 
LEP bounds constrain the Wilson coefficients of these 
operators. So this possibility is excluded. 

Toy Model. Let us give a concrete example of how Rt 
can deviate from the EFT prediction when there are new 
light particles in the theory. As a toy-model example 
we extend the SM by adding a color-octet weak-singlet 
scalar S that couples to the Higgs field through a trilinear 
term 
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after electroweak symmetry breaking, where v ~ 
246 GeV is the Higgs vacuum expectation value and 
• • ■" refers to other terms in the scalar potential that 
are not relevant to our analysis. The colored scalars con- 
tribute virtually through co-annihilation, pp — > 25* —> H , 
as well as through on-shell production pp ^ H + 25. 
For the regions of parameter space explored here, the 
latter is numerically sublcading due to gluon PDF sup- 
pression at large momentum fractions. The value of Rt 
in the SM and in the toy-model extension are shown in 
Fig. m for Higgs momentum cuts p™™ = 30 GeV and 
p™'" = 100 GeV and a range of octet-scalar masses. 

If the scalar's mass is larger than the typical partonic 
center-of-mass energy (set by the Higgs mass and mo- 
mentum), then its effect is simply to shift the Wilson 
coefficient Cq in Eq. (jT]). At leading order in as, 

"96^- 

In this scenario, the transverse and inclusive production 
rates individually differ from their SM values by a fac- 
tor \{Cl?^ + CgP)/Cg'^|2, but their ratio is unchanged. 



Qualitatively we can expect that deviations of Rt from 
the EFT prediction will only arise when the scalar is suf- 
ficiently light. This is seen in Fig.|3]where Rt approaches 
the SM value when mg is large. Furthermore as the cut 
on the Higgs pt is increased we would expect this devia- 
tion to grow since a larger partonic center-of-mass energy 
leads to enhanced power corrections. This is a generic 
feature of all NP models that could modify Rt. Note 
that since the Higgs branching ratios cancel in the ratio, 
modification can only come from the Higgs production. 
In more realistic SM extensions, such as supersymmctry 
or models with extra singlet scalars, Rt will generally 
differ from its SM value with the magnitude of the devi- 
ation depending on the specific model parameters. 

A benefit of the Rt ratio is that it does not rely on the 
decay properties of the new resonances. In our toy model 
the octet scalars would also be pair produced (without 
a Higgs), modifying the two-jet production cross section 
and other QCD observables. Searches in these channels 
however would depend on the scalar decay products, and 
dedicated studies may be needed [11]. It could be that 
separating these signals from background is prohibitively 
challenging, for example if there is some (not necessarily 
fine) degeneracy with another final state as in light stop 
scenarios of the MSSM 

Violations of observable predictions of the EFT may 
be searched for in other channels dominated by gluon 
fusion as well, for instance h+2 jets. With increasing 
statistics, the EFT approach outlined here can also be 
used in channels that proceed at tree level in the SM, 
in which case EFT contributions would be a sublcading 
effect at low energies. With high pT cuts in TeV range, 
these effects may become leading, offering another way 
to search model independently for TeV resonances. We 
leave these possibilities for future studies. 

Conclusions. We showed that even if the Tevatron 
does not discover the Higgs boson, the tightening of con- 
straints on its production may facilitate the search for on- 
shell BSM particles at the LHC. The Tevatron and LHC 
results are complementary because the collisions occur 
at different energies. For example, if the EFT descrip- 
tion applies only to Tevatron results, the LHC bounds in 
Fig. [2] may be violated, acting as a smoking gun for on- 
slicll particle production. Other observables can be used 
in the indirect searches for on-shell new particles. Fig- 
urc[3]gives a model independent prediction for the ratio of 
the Higgs production rate at large transverse momenta to 
the inclusive rate. Should the data disagree significantly 
with this prediction then one may conclude that new par- 
ticles have been produced in the collisions and presum- 
ably escaped detection either due to backgrounds or the 
nature of the decay products. This reasoning assumes 
that the CP violating Wilson coefficient Cg in Eq. ([1]) 
is negligible. This is true if the off-shell new physics is 
perturbative, as Co can arise only at two loops and is 
thus much smaller than Cq^. Furthermore, the pres- 
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FIG. 4: ms dependence of Rt for > 30 GeV (left) and p" > 100 GeV (right) for the toy model (solid lines) and for the 
SM (dashed lines) at LO in as- The values of Higgs mass are as indicated. Calculations aided by FeynArts, FormCalc and 
LoopTools packages [l^. No uh cut is imposed and n has been set to unity. 



ence of Cg can be bounded model independently from 
experiment by measuring Rt at several Higgs pr cuts. 
Namely, Rt oc {C^ + C^) / {C^ + 2C^) , where the undis- 
played known kinematical factor depends on the Higgs 
p™'". CP violating measurements can also be made in 
the two jet sector [20[. 

In the case of smaller deviations (say less than 50%), 
a more refined analysis would be necessary to determine 
if the cause is light new physics. Electroweak corrections 
would have to be included along with the 6-quark loop 
effects. When these effects become important Rt is no 
longer model independent. Nonetheless one could still 
use the EFT strategy discussed here to search for light 
new physics, by first extracting Cq from the inclusive 
rate and then using it to predict the cut rate. 

We have presented a model with a color octet scalar 
which shows how the prediction in Fig.[3]is approached as 
the scalar mass gets large. It is important to note, how- 
ever, should the data fail to produce the correct value of 
Rt, it docs not necessarily imply that the new particles 
being produced have non-trivial color quantum numbers. 
Nonetheless, a natural place to look for these new parti- 
cles would be in jet production rates, although detecting 
such effects will clearly depend upon the nature of the 
decay process of the new particles. 

Finally, we would like to emphasize that even if new 
BSM particles are discovered in channels not involving 
the Higgs, Rt remains an interesting observable in its 
own right. For one, it is under better theoretical control 
due to the cancellation of QCD corrections mentioned in 
the body of the paper. In addition, the discovery of new 
particles not involved in Higgs production, does not im- 
ply that Rt will deviate from its SM value. In fact if Rt 
did not deviate from its SM value in this scenario, then 
this would provide very useful information in discerning 
models. 
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